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Summary
Understandinghowtraits are integratedat theorganismal
level remains a fundamental problem at the interface of
developmental and evolutionary biology. Hormones,
regulatory signaling molecules that coordinate multiple
developmental and physiological processes, are major
determinants underlying phenotypic integration. The
probably best example for this is the lipid-like juvenile
hormone (JH) in insects. Here we review the manifold
effects of JH, the most versatile animal hormone, with an
emphasis on the fruit fly Drosophila melanogaster, an
organism amenable to both genetics and endocrinology.
JH affects a remarkable number of processes and traits
in Drosophila development and life history, including
metamorphosis, behavior, reproduction, diapause,
stress resistance and aging. While many molecular
details underlying JH signaling remain unknown, we
argue that studying ‘‘hormonal pleiotropy’’ offers intri-
guing insights into phenotypic integration and the
mechanisms underlying life history evolution. In particu-
lar, we illustrate the role of JH as a key mediator of life
history trade-offs. BioEssays 27:999–1010, 2005.
 2005 Wiley Periodicals, Inc.
Introduction
Many traits cannot evolve independently because they are
coupled by genetical, developmental and physiological me-
chanisms.(1–6) But what exactlyare these mechanisms? While
connections among traits can be described as genetic
correlations and trade-offs caused by pleiotropy or linkage,
the detailled physiological and molecular mechanisms med-
iating such trait correlations have remained elusive.(1–8)
Traditionally, evolutionary biologists have focussed on quanti-
fying phenotypic integration rather than on understanding the
mechanisms underlying trait architecture and trade-offs.(3–9)
Hormones are regulatory molecules signaling to distant
target tissues throughout the organism. They transduce
environmental and genetic signals via hormone receptors to
affect gene transcription in target tissues, thereby exerting
multiple phenotypic effects.(3,4) Consequently, hormones pro-
vide a mechanistic link between the environment, genes and
whole organism traits, and the manifold regulatory effects of
hormones (‘hormonal pleiotropy’) offer promising insights into
phenotypic integration.(3–12) Hormones are now thought to
coordinate the integrated expression of multiple traits across
environmental conditions (endocrine-mediated phenotypic
plasticity) and to constrain their simultaneous evolution.(3–9)
Since major parts of development and life history are under
endocrine control, hormones and endocrine genes might be
major determinants of pleiotropy, life history correlations and
trade-offs.(3–8)
The importance of hormones in the insect life cycle has
been recognized early. In 1934, Vincent Wigglesworth (1899–
1994) showed that ablation of endocrine glands (the corpora
allata, CA) in the bug Rhodnius causes a precocious molt to
the adult, whereas re-implantation of CA ensures a juvenile
molt.(17,18) The endocrine factor produced by the CA was
named juvenile hormone (JH); its chemical structure was
determined by Ro¨ller and colleagues in 1967.(19) Since
Wigglesworth’s classical studies, it has become clear that
this lipid-like molecule is a major endocrine regulator in
insects, representing the probably most versatile animal
hormone.(17,20–26) Yet, our molecular understanding of JH
signaling has remained limited and many developmental and
physiological functions of JH still await discovery.(21,25,26)
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As is the case for the other major insect hormone,
20-hydroxy-ecdysone (20E), progress is likely to come from
the fruit fly Drosophila melanogaster, a system with extensive
genetics, mutant stocks and an array of molecular and
physiological tools.(26–28) Here we review the manifold roles
of JH in Drosophila development and life history.(26,28–30) We
illustrate that JH has intriguing effects upon traits and trade-
offs of major interest to the evolutionary biologist.(3–16)
Although we focus on the pleiotropic effects of JH on
Drosophila life history, increasing evidence suggests an
important role of hormones in the life history evolution of
lizards,(4–6) birds,(6–8) insects,(6,9,11,13,16,20,22–24) echino-
derms,(13,15) and plants.(13) Comparative endocrinology has
made major advances in understanding how endocrine
functions evolve and how hormones affect evolutionary
processes;(10,11,13,16,23,29) for a comparative evolutionary
perspective on how hormones regulate life history transitions
see the recent paper by Heyland et al. in this journal.(13) By
integrating endocrinology into evolutionary biology, as exem-
plified by the work of Anthony Zera on crickets,(6,14) the time is
ripe for opening the mechanistic black-box of life history, a
promising challenge for both developmental and evolutionary
biologists.
Life history evolution, trade-offs and hormones
Life history traits are integrated by genetic, physiological and
developmental mechanisms, typically measured as genetic
correlations.(1–6) Genetic correlations imply that traits cannot
evolve independently: selection on a trait causes correlated
responses in other traits.(1–6) For example, selection experi-
ments often reveal negative genetic correlations between
fitness components, so-called trade-offs, that constrain the
simultaneous evolution of two or more traits (see Fig. 1).(1,2)
Life history theory is concerned with explaining the
evolutionary diversity of life cycles,(1,2) yet rarely addresses
the mechanisms underlying variation and integration of life
history traits.(3–9,13,14) While genetic correlations are known to
be caused by pleiotropy or linkage,(1–3) the specific genes
involved are in most cases unknown. For example, life history
theory often assumes the existence of multiple life history
effects of a single gene or allele (life history pleiotropy; see
Refs. (1–3), yet we have only a handful of examples of loci with
pleiotropic effects on fitness components.(1,31) Even if
pleiotropy is common, what are the molecular mechanisms
by which pleiotropic genes affect multiple traits?(3–6,9,31)
Causally understanding genetic correlations requires the
identification of specific genetic and physiological mechan-
isms.(3–6,31)
Variation in endocrine mechanisms has repeatedly been
suggested as a major mechanism underlying life history
evolution,(3–16,20,24) but hormonal aspects of life history
evolution have remained understudied. Remarkably, however,
hormones commonly play a conserved role in the coordination
of life cycles, both among and within species. Life history
transitions, for instance from larva to adult or from a non-
reproductive to a reproductive state, are typically controlled by
hormones,(10,13) and genetic correlations and trade-offs
among life history traits are often hormonally mediated.(3–8)
For example, the trade-off between flight capability and
reproduction in wing-dimorphic crickets, Gryllus firmus, is
regulated by JH and JH esterase (JHE);(6,14) the trade-off
between egg number and egg size in the side-blotched lizard
(Uta stansburiana) is mediated by follicle stimulating hormone
(FSH);(4–6) and testosterone affects the trade-off between
reproduction and immunity in the dark-eyed junco (Junco
hyemalis).(6–8) In particular, endocrine loci may exhibit life
history pleiotropy since they affect hormone signaling, the
hormone in turn exerting multiple phenotypic effects (‘hormo-
nal pleiotropy’).(3–8) Variation in endocrine mechanisms may
thus be an important substrate for the evolution of coregulated
life history traits and trade-offs.(3–8)
JH is a key mediator of insect development
and life history
In insects such as Drosophila, JH now emerges as an
endocrine regulator of development, life history and fitness
trade-offs. JH is a sesquiterpenoid lipid-like hormone secreted
by the corpora allata (CA), endocrine glands of the head
situated behind the brain (see Fig. 2; Refs. 17,21,23,32). Fig. 2.
Insects produce at least eight forms of JH-like compounds
(0, I, II, III, JH3 bisepoxide [JHB3], 4-Methyl-JH, 80-OH-JH III,
120OH-JH III), JH III being the most common type.(17,21,23,35,36)
In Drosophila, the CA produces two JH’s, JH III and
JHB3.(17,35) While the endocrine function is better understood
in the former, the latter appears to be the major product of the
mature CA in Drosophila (also see Fig. 2; Refs. 17,35). While
the molecular details underlying JH action remain poorly
understood, JH is known to respond to various internal (e.g.
hormonal, genetic) and external (e.g. temperature, nutrition,
photoperiod) factors, to regulate and coordinate the expres-
sion of entire gene batteries, and to simultaneously affect
multiple phenotypes.(22–24) Remarkably, JH affects a vast
array of phenotypic traits and physiological or developmental
processes, including preadult development, imaginal disc
proliferation, organ looping, metamorphosis, ovarian develop-
ment, sexual maturation, pheromone production, locomotor
and courtship behavior, diapause regulation, migration,
various morphological polyphenisms, division of labor in social
insects, neuronal architecture, memory, learning, immune
function, lifespan and many others.(6,14,16,17,20–25,28–30,37)
During each particular life cycle stage and in response to
internal or environmental signals, JH coregulates the expres-
sion of many of these traits or functions. By physiologically
mediating pleiotropic gene effects and genotype by environ-
ment interactions (phenotypic plasticity), JH might represent a
major mechanism underlying life history polymorphisms and
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polyphenisms in insects.(3,6,14,22–24) In particular, genetic
variation in JH signaling might be an important determinant
of variation in life history strategies.(3,6,24) As we shall sketch
below, the functional versatility of JH is also manifest in
Drosophila development and life history.(28,30) Considering
some classical endocrine disorders in Drosophila mutants
provides a first glimpse of the remarkable pleiotropy mediated
by insect hormones such as JH and 20E.(28,30,33,34,38–40)
Endocrine-mediated life history syndromes in
Drosophila mutants
In the late 1930s, Ernst Hadorn recognized the importance of
endocrine effects on Drosophila development by showing that
the ring gland is partially homologous to the CA and serves a
hormonal function.(28,33,34) Hadorn studied a mutant of lethal
(2) giant larvae (l(2)gl), now known to be a tumor suppressor
gene, and found that the mutant’s developmental arrest and
lethality is caused by an endocrine deficiency.(28,33,34) In lgl
mutants, the puparium is formed later or not at all; by
transplanting different wild-type tissues into mutant larvae,
Hadorn found that implantation of a ring gland provides a
partial rescue of puparation. The same effect can be achieved
by injection of 20E; yet whether l(2)gl mutants have altered JH
function remains unknown.(28)
Another endocrine disorder in Drosophila is found in a
mutant of mama (maternal metaphase arrest1; also known
as adiposefemale sterile or female sterile (2) adipose), showing
developmental defects that suggest an impairment of endo-
crine function; a similar syndrome occurs in fs(2)B (female
sterile (2) Bridges).(28,38,39) While homozygous mutants are
externally normal, they show abnormalities in three inner
organs: (1) the fat body, which hypertrophies due to excessive
fat accumulation, (2) the ovaries, which have a reduced
number of oocytes, and (3) the CA, which hypertrophies to an
abnormally large size.(28,38) Hypertrophy of CA and fat body
can be rescued by implantation of wild-type ovaries, indicating
an endocrine feedback between ovary, fat body and the
CA.(28,38) The endocrine details underlying this life history
syndrome have yet to be determined.(28,38,39)
The HawaiianDrosophila mercatorum provides more direct
evidence for a role of JH in development and life history.(3,40) In
this species, the naturally occurring genotype abnormal
abdomen (aa, also called underreplicationabnormal abdomen)
exhibits increased developmental time, early sexual matura-
tion, increased fecundity and decreased female longevity
(Table 1). Since JH is known to affect sexual maturation and
egg production, this life history syndrome is thought to be
caused by changes in JH signaling.(3,40) Indeed, aa flies have
decreased JHE activity, which presumably leads to an unusu-
ally elevated JH titer.(3,40) More recent evidence now suggests
that JH has major pleiotropic effects on the Drosophila
phenotype, ranging from development to aging (Table 1, Fig. 3).
The role of JH in Drosophila development and
metamorphosis
JH probably evolved primarily as a reproductive hormone, but
is most well known for its effects on preadult development and
metamorphosis.(11,13,17,21–23,29,30,41–43). Evolutionary modifi-
cations of JH signaling have played a key role in the evolution of
insect metamorphosis.(11,13,29,43) In embryos of basal, hemi-
metabolous insects, JH mediates the transformation from
pronymphal to larval stages by suppressing morphogenesis
and inducing premature differentiation.(29) In more derived
groups of holometabolous insects, JH has a markedly weaker
effect on embryonic growth, development and differentiation.
Growth and differentiation of various tissues, typically sup-
pressed by JH in ancestral insects, are no longer inhibited by
JH and early-growing imaginal discs are formed.(29) During
evolution, the inhibitory action of JH has thus been shifted from
early ontogenetic processes to metamorphosis and, possibly,
to the adult stage.(29)
JH is present throughout late embryonic and larval
development and serves a ‘status quo’ function: 20E deter-
mines the timing of larval instar molts, while the continued
presence of JH ensures that 20E-induced molting leads to
another larval stage. JH thus determines whether the insect
molts to a larva, pupa or adult. Metamorphosis occurs only
Figure 1. A negative genetic correlation (trade-off) between
two fitness components (redrawn from Ref. 2). If two fitness
components trade off, selection cannot maximize fitness by
simultaneously increasing the trait value of both traits:
improving fitness through an increase of one trait decreases
fitness through a decrease of the other trait.(1,2) Consider a bird
population in which females producing small clutches lay eggs
of large size, whereas females that produce large clutches tend
to lay small eggs.(1,2) The negative association between clutch
size and egg size results in a negative genetic correlation, a
trade-off. The trade-off boundary separates the space of
realized phenotypes (hatched area) from the space above the
trade-off boundary, containing those phenotypes not found in
the population.(2) Thus, the trade-off imposes a constraint on
phenotypic evolution: only those trait combinations below or on
the trade-off boundary can be attained in phenotype space.
Selection favors those phenotypes that lie on the trade-off
boundary, resulting in a genetic correlation of unity.(1,2)
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when 20E acts in the absence of JH.(23,30,42) Shortly before
metamorphosis, the CA stop producing JH, and hemolymph
and target tissues exhibit increased JH degradation. Upon
attainment of a critical larval weight and a decline of JH to low
levels, prothoracicotropic hormone (PTTH) is released, indu-
cing the secretion of 20E. 20E causes cessation of feeding,
onset of wandering and pupation; after the pupal molt, 20E is
released again and causes the adult molt in the absence of
JH.(23,30,42) In many insects, experimentally induced excess of
JH during larval development delays metamorphosis,
whereas withdrawal leads to precocious metamorphosis.(23)
In Drosophila, treatment with exogenous JH does not prevent
larval–pupal transformation,(30) but prolongs developmental
time, disrupts metamorphosis of the nervous and muscular
system, disturbs abdominal differentiation and even inhibits
eclosion.(41,44) After initiating metamorphosis, JH titers in-
crease again to regulate developmental details of metamor-
phosis; for example, JH seems to be required for the final
stages of histolysis of the larval fat body.(23,30,45)
JH and 20E also affect imaginal disc proliferation and
differentiation,(29,30,37,46,47) and recent evidence suggests a
role of JH in organ development.(48) In 1943, Bodenstein
demonstrated thatDrosophila imaginal discs continue to grow
when transplanted into adult abdomens, but only if larval ring
glands are co-transplanted.(46,47) Subsequent experiments
with Drosophila cell lines and lepidopteran and Drosophila
imaginal discs indicate that 20E stimulates proliferation and
initiates differentiation, whereas high levels of JH combined
with low levels of 20E inhibit proliferation and differentia-
tion(29,30,37,46) In the spin mutant of Fasciclin2 (Fas2), looping
of the genitalia and spermiduct is incomplete and genitalia
are under-rotated, suggesting that Fas2 controls organ
Figure 2. The retrocerebral neuroendocrine complex inDrosophila, consisting of the corpus allatum (CA) and the corpus cardiacum (CC),
is attached to the fly brain. The CA of higher dipterans is an endocrine gland in the posterior region of the head producing two forms of
juvenile hormone (JH), JHIII and JHB3, the latter being the major product of the CA. In the pars intercerebralis of the central nervous system
(CNS), median neurosecretory cells (insulin-producing cells, IPCs) produce insulin-like peptides; in direct or indirect response to insulin
signaling, the CA produces JH. The secretion of JH is also controlled by neurosecretory cells that release either allatostatins (inhibitory
peptides) or allatotropins (stimulatory peptides). These neurosecretory cells in the brain send axonal projections to the CA through the CC,
which in fly larvae are situated at the two ends of the horseshoe-shaped ring gland, consisting of the CA, the CC and the larval prothoracic
glands.(32,35) While the large cells of the ring gland produce the ecdysteroid hormone 20-hydroxy-ecdysone (20E), a major insect
developmental hormone, the smaller medial cells are thought to produce JH.(23,27,32–35) In adult insects, the CA forms a distinct, separate
structure.(17,21,23,32) Inset: The corpus allatum (CA) of an adult female D. melanogaster. In adult Drosophila, the single CA and the CC are
close together and remain connected by axonal projections from the brain, while the larval prothoracic gland cells of the ring gland have
degenerated.(32–35) The picture shows a confocal microscope image, with the CA in fluorescent green. Expression of GFP (green
fluorescent protein) in the CA was achieved by driving a UAS-GFP responder with a CA-specific Gal4 driver. Scale bar: 50mm.
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looping.(48) In these mutants, the synapses connecting neuro-
secretory cells to the CA are affected, presumably leading to
an abnormally high JH level.(48) This allatotropic effect of the
Fas2spin mutant can be mimicked by application of the
synthetic JH pyriproxyfen, phenocopying the Fas2spin pheno-
type in a dose-dependent manner.(48) Since JH is related to
retinoic acid (RA) and since RA regulates left–right asymme-
try in vertebrate organs such as the heart, these results may
suggest an evolutionarily conserved role of terpenoid mole-
cules such as JH in organ asymmetry, sidedness and
looping.(48,49)
JH regulates multiple aspects of reproduction
JH affects all major aspects of insect reproduc-
tion,(16,22,23,30,50–55) and environmental and genetic variation
in JH signaling may thus cause variation in reproductive
fitness.(3,6,14,16) In male Drosophila, JH effects on reproduc-
tion are poorly understood.(30,51) JH does probably not affect
spermatogenesis, but promotes protein synthesis in the
accessory gland.(30,51,52) In female Drosophila, JH regulates
oocyte maturation and reproductive activity.(30,50,54–60) Upon
mating, sex peptide contained in the male seminal fluid
stimulates JH synthesis in the female CA and increases,
presumably through its effect on JH, egg deposition while
simultaneously reducing female receptivity.(53)
JH also affects vitellogenesis, involving the synthesis and
secretion of yolk proteins (YP1, YP2 and YP3) by fat body and
ovarian follicle cells and the uptake of YPs by developing
oocytes.(30,54–59) Treatment with 20E or the synthetic JH
methoprene upregulates YP transcription in the fat body of
starved flies or isolated abdomens expressing low levels of
YP,(30,58) and treatment with the JH inhibitor precocene
reduces the number of vitellogenic oocytes of newly eclosed
females.(59) A role of JH in vitellogenesis might also be
reflected in mutants of cricklet (clt).(60) clt mutants have
reduced YP synthesis, larval fat bodies persisting into
adulthood and ovarian arrest at the previtellogenic stage.
Methoprene has no effect on fat body synthesis of YP in these
mutants and ovarian transplant experiments indicate that
females have sufficient JH to promote oogenesis. It has thus
been suggested that clt encodes a JH receptor or binding
protein that is nonfunctional in mutants.(60) JH also regulates
uptake of YPs into developing oocytes. Mutations in apterous
(ap) cause sterility due to nonvitellogenic ovaries. The CA of
these mutants are JH deficient and methoprene application
results in vitellogenic oocytes.(61–64) While ap4 mutants have
normal hemolymph levels of YP, YPs are only taken up into
oocytes if flies are treated with methoprene.(63)
The vitellogenic effects of JH might be indirect, since
vitellogenesis can occur in the absence of JH, but never in the
absence of 20E.(65,66) Under this model, JH regulates early YP
synthesis and uptake and stimulates ovarian 20E production;
in the absence of JH, 20E controls late fat body synthesis of
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YPs.(65,66) This is consistent with the finding that provision of
poor food to females at eclosion prevents the increase in
vitellogenic-stage follicles and ovarian 20E synthesis, yet
methoprene treatment elicits a transient burst of 20E synthesis
and restores oocyte production.(67) However, JH and 20E do
not always cooperate in promoting egg development. 20E can
act as an antagonist of early vitellogenic oocyte develop-
ment.(68) While 20E application induces nurse cell apoptosis in
stage 9 egg chambers, simultaneous methoprene application
protects vitellogenic oocytes from the 20E-induced resorption,
indicating that JH and 20E act antagonistically to control
whether oocytes will progress or undergo apoptosis.(68)
The role of JH in egg development is also manifest in two
JH-inducible genes, JhI-21 and minidiscs (mdn), whose
expression during oogenesis is JH-dependent.(69) Both gene
products are expressed in ovarian nurse cells and seques-
tered into mature eggs; methoprene induces expression of
both genes and accumulation of their gene products in the
ovaries. In JH-deficient ap mutants, levels of mnd and JhI-21
are strongly reduced, but methoprene treatment rescues
this defect.(69) mnd and JhI-21 encode amino acid transpor-
ters and amino acid availability might be critical for egg
development.
JH mediates reproductive diapause
In response to stressful environmental conditions, adult
insects can enter a state of reproductive diapause (also called
quiescence or dormancy), characterized by (1) reduced
metabolism, (2) arrested oogenesis, mating and egg produc-
tion, (3) increased stress resistance, and (4) enhanced
survival.(65,70–73) Interestingly, in butterflies (Danaus plexip-
pus) and several species of grasshoppers and Drosophila,
traits specific to reproductive diapause (arrested oogenesis,
stress resistance, negligible senescence) are controlled by
JH.(65,70–73) For example, diapausing Drosophila females
have downregulated JH synthesis, exhibit ovarian arrest and
show reduced age-specific mortality as compared to synchro-
nously started cohorts of non-diapausing females.(70,71,73)
This diapause phenotype can be rescued by methoprene,
which terminates ovarian arrest, increases sensitivity to oxida-
tive stress and reduces post-diapause longevity (Table 1).(71)
Reproductive dormancy may however not be exclusively
regulated by JH. While treating diapausing females with JHIII
or JHB3 restores vitellogenesis,(72) warming flies from 118C to
258C also terminates diapause and results in an increase of
ecdysteroid, but not JH synthesis.(66) More importantly, 20E
application can also elicit vitellogenesis in diapausing flies,
Figure 3. JH regulation ofDrosophila life history. In response to environmental factors such as nutrition, temperature, and photoperiod, JH
synthesis and signaling are modulated by insulin signaling and regulatory neuropeptides such as allatostatins (JH inhibitory neuropeptides)
and allatotropins (JH stimulatory neuropeptides). JH in turn coregulates metabolism, reproduction, stress resistance, immune function, and
lifespan. In particular, JH signaling promotes overall metabolism and reproductive functions, but suppresses stress resistance, innate
immunity, and lifespan, suggesting that trade-offs between these traits are mediated by JH. For example, treatment of wild-typeDrosophila
with the synthetic JH methoprene significantly prolongs developmental time, reduces body size at eclosion, shortens adult lifespan, and yet
increases early fecundity (Flatt and Kawecki, unpublished).
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suggesting that both 20E and JH affect diapause termina-
tion.(65,66) Reproductive diapause is an example of adaptive,
hormonally mediated life history plasticity. Since JH regulates
both fecundity and longevity in a phenotypically plastic and
antagonistic way, JH might be an important mediator of
senescence plasticity and the trade-off between reproduction
and longevity (see Table 1, Fig. 3 and Refs. 70,71,73).
JH is a pro-aging hormone downstream of
insulin signaling
Insulin signaling is of major importance for regulating energy
metabolism, growth, reproduction and longevity in Caenor-
habditis elegans, rodents andDrosophila (Fig. 4; Refs. 73–82).
In response to environmental or internal stimuli, Drosophila
produces several insulin-like peptides (DILPs, encoded by
dilp1–7) in median neurosecretory cells (insulin producing
cells, IPCs) of the pars intercerebralis of the brain. DILPs are
secreted into the protocerebrum, at the corpora cardiaca and
into the hemolymph and then bind to the insulin-like receptor
(INR) at target tissues, including the gonads and the fat
body.(74–76) Female flies mutant for InR are dwarf, have
immature ovaries, are stress-resistant and are extremely long-
lived.(77) Strikingly, diapausing Drosophila also show ovarian
arrest, increased longevity and improved stress resistance,
suggesting that diapausing flies ‘phenocopy’ InR mutant
phenotypes.(70,71,73,76,77)
Remarkably, for both diapausing Drosophila and reduced
insulin signaling mutants, survival and reproduction in the fly
is proximately regulated by JH, apparently a secondary
hormone downstream of insulin signaling (see Fig. 4 and
Table 1).(70,73,76,77,83) Several InR mutant genotypes are
deficient in JH biosynthesis,(76,77,83) and, while InR mutant
females are infertile with nonvitellogenic ovaries, egg devel-
opment can be restored by methoprene application.(77)
Figure 4. Integrated model for the endocrine regulation of aging, based on similarities between C. elegans and D. melanogaster.(73,76)
External cues like nutrition stimulate insulin producing cells (IPCs) to secrete insulin-like peptides which, in turn, induce insulin/IFG-1
signaling in the CNS by binding to insulin-like receptors (INR inD.melanogaster and DAF-2 inC. elegans).(73–76) Induction of insulin/IFG-1
signaling suppresses a forkhead transcription factor (dFOXO inD.melanogaster, DAF-16 inC. elegans).(73,76,79) As in worms, aging in flies
is slowed when insulin signaling is reduced: lifespan is extended by mutations in insulin-like receptor (InR, the daf-2 homolog) and chico
(the insulin receptor substrate).(76–78,84) Similarly, activation of dFOXO (the DAF-16 homolog), normally suppressed by insulin signaling,
extends lifespan.(73,82) Remarkably, in worms, germline stem cell ablation extends lifespan by 60%, and this lifespan extension requires
functional DAF-16.(79–81) Thus, signals from the germline may provide a positive feedback to the CNS and the endocrine system,
presumably by suppressing dFOXO/DAF-16 and by activating unknown secondary pro-aging hormones.(79–81) Remarkably, inDrosophila,
JH is reduced in long-lived fly mutants of InR and chico, and methoprene treatment restores the extended mutant lifespan to normal
levels.(73,76,77,83) Furthermore, long-lived Drosophila insulin-signaling mutants recapitulate the phenotype of diapausing flies. Strikingly,
diapausing wild-type flies have downregulated JH and extended lifespan,(70,71) and methoprene application reduces lifespan to non-
diapause levels. JH might thus be a secondary pro-aging hormone downstream of insulin signaling.(73,76,77,83)
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Methoprene treatment of long-lived and JH-deficient dwarf
females also restores life expectancy towards that of wild type,
suggesting that JH has lifespan-shortening effects.(77) Simi-
larly, mutants of the insulin receptor substrate chico are long-
lived, sterile dwarfs(78,84) and exhibit JH synthesis deficiency
(Ref. 83 but also see Ref. 85, Table 1). The notion that JH is a
pro-aging hormone is also supported by the observation that
surgical removal of the CA extends lifespan in grasshoppers
and butterflies (discussed in Ref. 70).
While nematodes lack a recognizable JH and the second-
ary pro-aging hormones in worm insulin signaling are
unknown,(76) both diapause and lifespan are controlled by
insulin signaling in C. elegans. Worms with mutations in daf-2
(dauerformation 2), theC. eleganshomolog of InR, can bypass
dauer diapause (a nonfeeding, stress resistant larval state)
and exhibit extended adult lifespan.(70,71,73,76,77) The regula-
tion of life history (growth, diapause, reproduction, lifespan) by
insulin-like signals and downstream hormones thus seems to
be evolutionarily conserved (see Fig. 4; Refs. 70,71,73,76,77).
JH suppresses stress resistance and immunity
In many organisms, aging is accompanied by decreased
stress resistance and immune function. Remarkably, JH not
only has pro-aging effects, but also suppresses stress resis-
tance and innate immunity,(71,73,86–88) important components
of Darwinian fitness. Reproductively dormant Drosophila with
downregulated JH exhibit greater resistance to heat and
oxidative stress than nondiapausing flies,(71) and methoprene
treatment of female D. melanogaster increases the number of
vitellogenic oocytes, while decreasing resistance to oxidative
stress and starvation resistance.(86) In the mealworm beetle
(Tenebrio molitor), the levels of phenoloxidase (PO), an
antimicrobial agent, is reduced by mating and application of
the JH inhibitor fluvastatin increases immune function.(88)
Similarly, the trade-off between immune function (PO levels)
and sexual advertisement (pheromone production) is mediat-
ed by JH in this species.(87) Whether JH regulates immunity in
Drosophila requires formal study—preliminary results from
our laboratory suggest that JH functions to suppress expres-
sion of genes involved in defense and stress response,
including several antimicrobial peptides (see Ref. 73 and
unpublished observations). By increasing reproduction at
the expense of stress resistance, immunity and longevity, JH
may thus be an important proximate mechanism underlying
evolutionary trade-offs between reproductive and survival
functions (Table 1, Figs. 3, 4).
JH modulates neuroanatomy and behavior
Insect hormones such as JH and 20E also affect neuroanat-
omy, behavior, learning and memory.(22,23,89) In crickets
(Acheta domesticus), JH promotes neuroblast proliferation in
the mushroom bodies, brain structures important for learning
and memory.(90,91) In honeybees (Apismellifera), JH treatment
has profoundly positive effects on the maturation of short-term
olfactory memory.(92) JH-treated bees show very good 1-hour
short-term associative memory and perform consistently
better than untreated individuals for at least their first week
of life.(92)
In Drosophila, our knowledge of neuronal and behavioral
hormonal effects is much more limited. While 20E in
Drosophila is known to alter mushroom body and axonal
growth, nerve terminal development and the function of the
neuromuscular junction,(93) the neurodevelopmental effects of
JH have not received much attention. A direct neuronal role of
JH comes from experiments applying JH analogs. Methoprene
treatment at metamorphosis disrupts a fly’s neuroanatomy
and pyriproxyfen treatment of prepupae and pupae alters the
shape and complexity of the adult dendritic tree of sensory
neurons in a time-dependent manner.(44,94)
The behavior of the fly, in particular its courtship and mating
behavior, is also affected by JH. For example, Manning in 1966
implanted CA–CC complexes into pharate adult females and
found that this causes females to become precociously
receptive to courting males, approximately 24 hours earlier
than normal.(95) In JH-deficient apterous mutants, females
exhibit abnormally reduced receptivity to courting males.
Receptivity positively correlates with JH production among 17
ap genotypes, suggesting that low JH reduces receptivity.(96)
Similarly, JH affects the reproductive behavior in the Carribean
fruit fly (Anastrepha suspensa): mated 7-day-old males
produce three times more JH than 7-day-old virgin males;
topical JH or methoprene application enhances sexual
signaling, pheromone release and mating at an earlier age
as compared to control males.(97) Another example comes
from sexually dimorphic locomotory behavior in Drosophila,
controlled by a few neurons in the pars intercerebralis.(98) Male
locomotor behavior can be feminized by transplanting a few
specific pars intercerebralis neurons from a female into a
receiving male. Remarkably, this feminization can be mi-
micked by feeding males with the JH inhibitor fluvastatin; the
effect is reversible by simultaneous application of methoprene,
suggesting the control of the behavior by JH.(98)
The elusive nature of the JH receptor
While the search for a JH receptor has yielded very limited
results, as recently discussed by Wheeler and Nijhout in this
journal,(25) we have two interesting candidate genes for the
receptor.(25,26,29,99) The Drosophila nuclear hormone receptor
gene ultraspiracle (usp)(100–104) encodes a retinoid X recep-
tor,(100,101) and JH is closely related to retinoic acid.(49)
Interestingly, USP indeed binds JH(100,103) and forms a
heterodimer with the ecdysone receptor (ECR).(26,27,101)
USP is an essential component of ECR since it is required
for ECR activity in vivo;(101) for instance, both ECR and USP
are required for regulating the timing and progression of
ovarian differentiation during metamorphosis.(102) Interestingly,
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JH has now been reported to act as a USP ligand suppressing
20E-dependent ECR transactivation.(104) However, USP does
not fulfill the criterion of high-affinity hormone binding typically
required for a hormone receptor.(26,29)
Another candidate for the JH receptor is the X-linked gene
Methoprene-tolerant (Met; also called Resistance to Juvenile
Hormone, Rst(1)JH ), a member of the basic helix–loop–helix
(bHLH-PAS) family of transcriptional regulators.(26,44,99,105–112)
Mutations at Met confer resistance to JH- or methoprene-
induced lethality and external morphogenetic abnormalities
and alter JH reception during late larval develop-
ment.(105,106,109) The fat body cytosol of mutants has a 10-
fold lower binding affinity for JH III than wild type,(106) and a
new study reports that MET directly and specifically binds JH
III (as well as other JHs and methoprene) with high binding
affinity.(111) Although MET does not belong to the nuclear
hormone receptor family, it is thought to transduce JH
signals.(26,105–109) MET may function as a JH-dependent
transcription factor since JH can activate the expression of a
reporter gene fused to MET in a transient transfection assay
using Drosophila S2 cells.(111) In addition, Met affects a
number of life history traits, perhaps supporting the notion that
MET is a JH receptor (Table 1; Refs. 51,99,109,112). However,
some tissues showing MET expression are not known JH
targets and Met null mutants show no apparent defects in
embryogenesis or larval development, as one would expect if
MET is a JH receptor.(29,108)
Since both USP and MET are somewhat problematic
candidates for the JH receptor, it remains possible that the JH
receptor does not fit classical models of hormone receptor
function. Indeed, several lines of evidence indicate that JH
may function through membrane (rather than nuclear)
receptors and protein kinase C (PKC) signaling.(25) Clearly,
the elusive nature of the JH receptor limits our current
understanding of JH signaling and its role in life history
evolution.(25,26,29,99)
Evolutionary modifications of hormone signaling
How might evolution alter developmental outcomes and life
history through evolutionary changes in endocrine mechan-
isms? And howcan the remarkable life history variation among
insects be reconciled with the employment of the same major
hormone? During evolutionary time, the same hormones have
often been functionally co-opted multiple times.(11,13,16,37,43)
For example, while JH has many evolutionarily conserved
functions, the details of JH function can be remarkably variable
among species, as is the case for reproduction.(16) Evolu-
tionary modifications of the hormone response may be
facilitated by its modular structure.(11,13,16) Not all tissues or
cells are hormone-responsive, for example when they do not
express the appropriate hormone receptor,(11,13,16,37) and
different responsive tissues or cells may have different
hormone sensitivities.(11,13,16,37) In particular, hormone re-
sponses may be both spatially and temporally heterogeneous,
for instance due to variation in tissue- and cell-specific patterns
of hormone receptor expression.(11,37) Evidence for evolu-
tionary variation in hormone receptor expression is now
available for the case of the EcR/Usp complex in the ovaries
of gall midges (discussed in Refs. 13 and 16) and is suggested
by a study of Met in Drosophila.(99)
Conclusions
Here we have illustrated that JH is a remarkably versatile
molecule with major effects on various aspect of development
and life history inDrosophila and other insects, including many
components of Darwinian fitness. In particular, we have revi-
ewed evidence suggesting that JH is an important mediator of
life history trade-offs, not only in Drosophila, but also in grass-
hoppers, butterflies and beetles. Although the effects of JH
signaling can vary greatly among species (e.g. Refs. 16,22,
23,29) JH typically has negative effects on stress resistance,
immune function and lifespan, yet exerts positive effects on
reproduction. This suggests that the life history effects of JH
may be evolutionarily conserved among insect species.
Life history variation caused by genetic polymorphisms
(e.g. as seen in insulin signaling mutants) or phenotypic
plasticity (e.g. as seen in diapausing insects) may involve the
same endocrine mechanisms. In the case of reproductive
diapause and senescence plasticity, insects use JH to
coordinate and trade off, the expression of ‘reproductive
functions’ versus ‘survival functions’ in response to environ-
mental cues. Remarkably, this phenotypically plastic diapause
syndrome is constitutively recapitulated in JH-deficient insulin
signaling mutants and JH is now known to be a downstream
effector of insulin signaling affecting both reproduction and
lifespan. Since hormones such as JH affect multiple traits
(hormonal pleiotropy), endocrine loci (e.g. InR, Met) may thus
exhibit a remarkable degree of genetic pleiotropy. This
functional versatility may be caused by alleles with different
effects on endocrine signaling (e.g. as seen for different alleles
of InR or Met), with a given hormone affecting multiple
physiological and developmental aspects of the phenotype.
Hormonal loci are thus promising candidate genes underlying
life historyand its phenotypic integration, and environmental or
genetic variation in endocrine signaling might be an important
substrate for life history evolution.
As advocated by Heyland et al. in a recent issue of
BioEssays, hormones in development and evolution deserve
increased attention from evolutionary biologists.(13) While
there has not yet been sufficient interdisciplinary crosstalk, the
combined study of endocrinology, developmental genetics,
and evolutionary biology promises to yield fascinating insights
into the development, functional architecture, and evolution of
complex phenotypes. In particular, we are now able, using the
tools of genetics and endocrinology, to open the black-box of
life history evolution and fill it with mechanism.
Review articles
BioEssays 27.10 1007
Acknowledgements
We thank Andreas Heyland, Jason Hodin, and Kyung-Jin Min
for discussion, and Adam Wilkins and two anonymous
reviewers for helpful comments on the manuscript. The
literature on JH has exploded in recent years: we apologize
to those colleagues whose original work, due to space
limitations, could not be cited or only referred to by citing a
review.
References
1. Stearns SC. 1992. The evolution of life histories. Oxford: Oxford
University Press.
2. Roff DA. 1992. The evolution of life histories. New York: Chapman and
Hall.
3. Finch CE, Rose MR. 1995. Hormones and the physiological architec-
ture of life history evolution. Quart Rev Biol 70:1–52.
4. Sinervo B, Svensson E. 1998. Mechanistic and selective causes of life
history trade-offs and plasticity. Oikos 83:432–442.
5. Sinervo B, Svensson E. 2002. Correlational selection and the evolution
of genetic architecture. Heredity 89:329–338.
6. Zera AJ, Harshman LG. 2001. The physiology of life history trade-offs in
animals. Ann Rev Ecol Syst 32:95–126.
7. Ketterson ED, Nolan V. 1992. Hormones and life histories: an
integrative approach. Am Nat 140:S33–S62.
8. Ketterson ED, Nolan V, Cawthorn MJ, Parker PG, Ziegenfus C. 1996.
Phenotypic engineering: Using hormones to explore the mechanistic
and functional bases of phenotypic variation in nature. Ibis 138:
70–86.
9. West-Eberhard MJ. 2003. Developmental plasticity and evolution.
Oxford: Oxford University Press.
10. Matsuda R. 1987. Animal evolution in changing environments: with
special reference to abnormal metamorphosis. New York: John Wiley
and Sons.
11. Hall BK, Wake MH. 1999. The origin and evolution of larval forms. San
Diego: Academic Press.
12. Hall BK, Pearson RD, Mu¨ller GB. 2003. Environment, development, and
evolution. In: Hall BK, Pearson RD, Mu¨ller GB, editors. Towards a
synthesis. Cambridge, Massachusetts: MIT Press.
13. Heyland A, Hodin J, Reitzel AM. 2004. Hormone signaling in evolution
and development: a non-model system approach. BioEssays 27:64–
75.
14. Zera AJ. 2004. The endocrine regulation of wing polymorphism in
insects: state of the art, recent surprises, and future directions. Integr
Comp Biol 43:607–616.
15. Heyland A, Hodin J. 2004. Heterochronic developmental shift caused
by thyroid hormone in larval sand dollars and its implications for
phenotypic plasticity and the evolution of non-feeding development.
Evolution 58:524–538.
16. Hodin J. She shapes events as they come: Plasticity in insect
reproduction. In: Whitmen DW, editor. Insect phenotypic plasticity. In
press.
17. Gilbert LI, Rybczynski R, Tobe SS. 1996. Endocrine cascade in insect
metamorphosis. In: Gilbert LI, Tata JR, Atkinson BG, editors.
Metamorphosis - postembryonic reprogramming of gene expression
in amphibian and insect cells. San Diego: Academic Press. p 59–107.
18. Wigglesworth VB. 1934. The physiology of ecdysis in Rhodnius prolixus
(Hemiptera). II. Factors controlling moulting and ‘metamorphosis’.
Quart J Microsc Sci 79:191–222.
19. Ro¨ller H, Dahm KH, Sweeley CC, Trost BM. 1967. The structure of
juvenile hormone. Angew Chem 6:179–180.
20. Dingle H, Winchell R. 1997. Juvenile hormones as a mediator of
plasticity in insect life histories. Arch Insect Biochem Physiol 35:359–
373.
21. Gade G, Hoffmann KH, Spring JH. 1997. Hormonal regulation in
insects: facts, gaps, and future directions. Physiol Rev 77:963–1032.
22. Hartfelder K. 2000. Insect juvenile hormone: from ‘‘status quo’’ to high
society. Braz J Med Biol Res 33:157–177.
23. Nijhout HF. 1994. Insect hormones. Princeton: Princeton University
Press.
24. Nijhout HF, Wheeler DE. 1982. Juvenile hormone and the physiological
basis of insect polymorphisms. Quart Rev Biol 57:109–133.
25. Wheeler DE, Nijhout HF. 2003. A perspective for understanding the
modes of juvenile hormone action as a lipid signaling system.
BioEssays 25:994–1001.
26. Dubrovsky EB. 2005. Hormonal cross talk in insect development.
Trends Endocrinol Metabol 16:6–11.
27. Kozlova T, Thummel CS. 2000. Steroid regulation of postembryonic
development and reproduction in Drosophila. Trends Endocrinol
Metabol 11:276–280.
28. Segal D. 1993. Prospects of using Drosophila for neuroendocrine
research. Arch Insect Biochem Physiol 22:199–231.
29. Truman JW, Riddiford LM. 2002. Endocrine insights into the evolution of
metamorphosis in insects. Ann Rev Entomol 47:467–500.
30. Riddiford LM. 1993. Hormones and Drosophila development. In: Bate
M, Martinez Arias A, editors. The Development of Drosophila
melanogaster. Cold Spring Harbor: Cold Spring Harbor Laboratory
Press. p 899–939.
31. Leroi AM, Bartke A, Benedictis GD, Franceschi C, Gartner A, et al.
2004. What evidence is there for the existence of individual genes with
antagonistic pleiotropic effects? Mech Age Dev 126:421–429.
32. Tobe SS, Stay B. 1985. Structure and regulation of the corpus allatum.
Adv Insect Physiol 18:305–432.
33. Hadorn E. 1937. An accelerating effect of normal ‘‘ring-glands’’ on
puparium-formation in lethal larvae of Drosophila melanogaster. Proc
Nat Acad Sci USA 23:478–484.
34. Scharrer B, Hadorn E. 1938. The structure of the ring gland (corpus
allatum) in normal and lethal larvae of Drosophila melanogaster. Proc
Nat Acad Sci USA 24:236–242.
35. Richard DS, Applebaum SW, Sliter TJ, Baker FC, Schooley DA, et al.
1989. Juvenile hormone bisepoxide biosynthesis in vitro by the ring
gland of Drosophila melanogaster: a putative juvenile hormone in the
higher Diptera. Proc Nat Acad Sci USA 86:1421–1425.
36. Darrouzet E, Mauchamp B, Prestwitch GD, Kerhoas L, Ujvary I, et al.
1997. Hydroxy juvenile hormones: new putative juvenile hormones
biosynthesized by locust corpora allata in vitro. Biochem Biophys Res
Comm 240:752–758.
37. Emlen DJ, Allen CE. 2004. Genotype to phenotype: physiological
control of trait size and scaling in insects. Integr Comp Biol 43:617–
634.
38. Doane WW. 1961. Developmental physiology of the mutant female
sterile(2)adipose of Drosophila melanogaster. III. Corpus allatum-
complex and ovarian transplantations. J Exp Zool 146:275–298.
39. King RC, Aggarwal SK, Bodenstein D. 1966. The comparative
submicroscopic cytology of the corpus allatum-corpus cardiacum of
wild type and fes adult female Drosophila melanogaster. J Exp Zool
161:151–176.
40. Templeton AR, Rankin MA. 1978. Genetic revolutions and control of
insect populations. In: Richardson RH, editor. The screwworm
problem—evolution of resistance to biological control. Austin: Uni-
versity of Texas Press. p 83–111.
41. Riddiford LM, Ashburner M. 1991. Effects of juvenile hormone mimics
on larval development and metamorphosis of Drosophila melanoga-
ster. Gen Comp Endocrinol 82:172–183.
42. Riddiford LM. 1994. Cellular and molecular actions of juvenile hormone.
I. General considerations and premetamorphic actions. Adv Insect
Physiol 24:213–274.
43. Tobe SS, Bendena WG. 1999. The regulation of juvenile hormone
production in arthropods: functional and evolutionary perspectives.
Ann NY Acad Sci 897:300–310.
44. Restifo LL, Wilson TG. 1998. A juvenile hormone agonist reveals distinct
developmental pathways mediated by ecdysone-inducible Broad
Complex transcription factors. Dev Genet 22:141–159.
45. Postlethwait JH, Jones GJ. 1978. Endocrine control of larval fat body
histolysis in normal and mutant Drosophila melanogaster. J Exp Zool
203:207.
46. Stern DL, Emlen DJ. 1999. The developmental basis for allometry in
insects. Development 126:1091–1101.
Review articles
1008 BioEssays 27.10
47. Bodenstein D. 1943. Hormones and tissue competence in the
development of Drosophila. Biol Bull Mar Biol Lab, Woods Hole
84:34–58.
48. Adam G, Perrimon N, Noselli S. 2003. The retinoic-like juvenile hormone
controls the looping of left-right asymmetric organs in Drosophila.
Development 130:2397–2406.
49. Harmon MA, Boehm MF, Heyman RA, Mangelsdorf DJ. 1995.
Activation of mammalian retinoid X receptors by the insect growth
regulator methoprene. Proc Nat Acad Sci USA 92:6175–6160.
50. Wyatt GR, Davey KG. 1996. Cellular and molecular actions of juvenile
hormone. II. Roles of juvenile hormone in adult insects. Adv Insect
Physiol 26:1–155.
51. Wilson TG, DeMoor S, Lei S. 2003. Juvenile hormone involvement in
Drosophila melanogaster male reproduction as suggested by the
Methoprene-tolerant 27 phenotype. Insect Biochem Mol Biol 33:1167–
1175.
52. Gillott C. 2003. Male accessory gland secretions: modulators of female
reproductive physiology and behavior. Ann Rev Entomol 48:163–184.
53. Kubli E. 2003. Sex-peptides: seminal peptides of the Drosophila male.
Cell Mol Life Sci 60:1698–1704.
54. Bownes M. 1982. Hormonal and genetic regulation of vitellogenesis in
Drosophila. Quart Rev Biol 57:247–274.
55. Bownes M. 1989. The roles of juvenile hormone, ecdysone and the
ovary in the control of Drosophila oogenesis. J Insect Physiol 35:409–
413.
56. Bownes M, Ronaldson E, Mauchline D. 1996. 20-hydroxyecdysone, but
not juvenile hormone, regulation of yolk protein gene expression can be
mapped to cis-acting DNA sequences. Dev Biol 173:475–489.
57. Handler AM, Postlethwait JH. 1977. Endocrine control of vitellogenesis
in Drosophila melanogaster: effects of the brain and corpus allatum.
J Exp Zool 202:389–402.
58. Jowett T, Postlethwait JH. 1980. The regulation of yolk peptide
synthesis in Drosophila ovaries and fat body by 20-hydroxyecdysone
and a juvenile hormone analog. Dev Biol 80:225–234.
59. Wilson TG, Landers MH, Happ GM. 1983. Precocene I and II inhibition
of vitellogenic oocyte development in Drosophila melanogaster. J Insect
Physiol 29:249–254.
60. Shirras A, Bownes M. 1989. Cricklet—a locus regulating a number of
adult functions of Drosophila melanogaster. Proc Nat Acad Sci USA
86:4559–4563.
61. Altaratz M, Applebaum SW, Richard DS, Gilbert LI, Segal D. 1991.
Regulation of juvenile hormone synthesis in wild-type and apterous
mutant Drosophila. Mol Cell Endocrinol 81:205–216.
62. Dai J-D, Gilbert LI. 1993. An ultrastructural and developmental analysis
of the corpus allatum of juvenile hormone deficient mutants of
Drosophila melanogaster. Roux’s Arch Dev Biol 202:85–94.
63. Postlethwait JH, Weiser K. 1973. Vitellogenesis induced by juvenile
hormone in the female sterile mutant apterous-four in Drosophila
melanogaster. Nature New Biol 244:284–285.
64. Postlethwait JH, Handler AM. 1978. Nonvitellogenic female sterile
mutants and the regulation of vitellogenesis in Drosophila melanoga-
ster. Dev Biol 67:202–213.
65. Richard DS, Jones JM, Barbarito MR, Cerula S, Detweiler JP, et al.
2001. Vitellogenesis in diapausing and mutant Drosophila melanoga-
ster: further evidence for the relative roles of ecdysteroids and juvenile
hormones. J Insect Physiol 47:905–913.
66. Richard DS, Watkins NL, Serafin RB, Gilbert LI. 1998. Ecdysteroids
regulate yolk protein uptake by Drosophila melanogaster oocytes.
J Insect Physiol 44:637–644.
67. Schwartz MB, Kelly TJ, Imberski RB, Rubenstein EC. 1985. The effects
of nutrition and methoprene treatment on ovarian ecdysteroid synthesis
in Drosophila melanogaster. J Insect Physiol 31:947–957.
68. Soller M, Bownes M, Kubli E. 1999. Control of oocyte maturation in
sexually mature Drosophila females. Dev Biol 208:337–351.
69. Dubrovsky EB, Dubrovskaya VA, Berger EM. 2002. Juvenile hormone
signaling during oogenesis in Drosophila melanogaster. Insect
Biochem Mol Biol 32:1555–1565.
70. Tatar M, Yin C-M. 2001. Slow aging during insect reproductive
diapause: why butterflies, grasshoppers and flies are like worms. Exp
Gerontol 36:723–738.
71. Tatar M, Chien SA, Kiefer Priest N. 2001. Negligible senescence during
reproductive dormancy in Drosophila melanogaster. Am Nat 158:248–
258.
72. Saunders DS, Richard DS, Applebaum SW, Gilbert LI. 1990. Photo-
periodic diapause in Drosophila melanogaster involves a block to the
juvenile hormone regulation of ovarian maturation. Gen Comp
Endocrinol 79:174–184.
73. Tu MP, Flatt T, Tatar M. 2005. Juvenile and steroid hormones in
Drosophila melanogaster longevity. In: Masoro EJ, Austad SN, editors.
Handbook of the Biology of Aging. 6th Edition. San Diego: Academic
Press (Elsevier). In press.
74. Brogiolo W, Stocker H, Ikeya T, Rintelen F, Fernandez R, et al. 2001. An
evolutionarily conserved function of the Drosophila insulin receptor and
insulin-like peptides in growth control. Curr Biol 11:213–221.
75. Ikeya T, Galic M, Belawat P, Nairz K, Hafen E. 2002. Nutrient-
dependent expression of insulin-like peptides from neuroendocrine
cells in the CNS contributes to growth regulation in Drosophila. Curr
Biol 12:1293–1300.
76. Tatar M, Bartke A, Antebi A. 2003. The endocrine regulation of aging by
insulin-like signals. Science 299:1346–1351.
77. Tatar M, Kopelman A, Epstein D, Tu M-P, Yin C-M, et al. 2001. A mutant
Drosophila insulin receptor homolog that extends life-span and impairs
neuroendocrine function. Science 292:107–110.
78. Clancy DJ, Gems D, Harshman LG, Oldham S, Stocker H, et al. 2001.
Extension of life-span by loss of CHICO, a Drosophila insulin receptor
substrate protein. Science 292:104–106.
79. Hsin H, Kenyon C. 1999. Signals from the reproductive system regulate
the lifespan of C. elegans. Nature 399:362–366.
80. Arantes-Oliveira N, Apfeld J, Dillin A, Kenyon C. 2002. Regulation of
life-span by germ-line stem cells in Caenorhabditis elegans. Science
295:502–505.
81. Lin K, Hsin H, Libina N, Kenyon C. 2001. Regulation of the
Caenorhabditis elegans longevity protein DAF-16 by insulin/IGF-1
and germline signaling. Nat Genet 28:139–145.
82. Hwangbo DS, Gershman B, Tu M-P, Palmer M, Tatar M. 2004.
Drosophila dFOXO controls lifespan and regulates insulin signalling
in brain and fat body. Nature 429:562–566.
83. Tu M-P, Yin C-M, Tatar M. 2005. Mutations in insulin signaling pathway
alter juvenile hormone synthesis in Drosophila melanogaster. Gen
Comp Endocrinol 142:347–356.
84. Tu M-P, Epstein D, Tatar M. 2002. The demography of slow aging in
male and female Drosophila mutant for the insulin-receptor substrate
homologue chico. Aging Cell 1:75–80.
85. Richard DS, Rybczynski R, Wilson TG, Wang Y, Wayne ML, et al. 2005.
Insulin signaling is necessary for vitellogenesis in Drosophila melano-
gaster independent of the roles of juvenile hormone and ecdysteroids:
female sterility of the chico1 insulin signaling mutation is autonomous to
the ovary. J Insect Physiol In press.
86. Salmon AB, Marx DB, Harshman LG. 2001. A cost of reproduction in
Drosophila melanogaster: stress susceptibility. Evolution 55:1600–
1608.
87. Rantala MJ, Vainikka A, Kortet R. 2003. The role of juvenile hormone in
immune function and pheromone production trade-offs: a test of the
immunocompetence handicap principle. Proc Roy Soc Lond B
270:2257–2261.
88. Rolff J, Siva-Jothy MT. 2002. Copulation corrupts immunity: a
mechanism for a cost of mating in insects. Proc Nat Acad Sci USA
99:9916–9918.
89. Elekonich MM, Robinson GE. 2000. Organizational and activational
effects of hormone on insect behavior. J Insect Physiol 46:1509–1515.
90. Cayre M, Strambi C, Strambi A. 1994. Neurogenesis in an adult insect
brain and its hormonal control. Nature 368:57–59.
91. Cayre M, Strambi C, Charpin P, Augier R, Strambi A. 1997. Specific
requirement of putrescine for the mitogenic action of juvenile hormone
on adult neuroblasts. Proc Nat Acad Sci USA 94:8238–8242.
92. Maleszka R, Helliwell P. 2001. Effect of juvenile hormone on short-term
olfactory memory in young honeybees (Apis mellifera). Horm Behav
40:403–408.
93. Li H, Cooper RL. 2001. Effects of the ecdysoneless mutant on synaptic
efficacy and structure at the neuromuscular junction in Drosophila
Review articles
BioEssays 27.10 1009
larvae during normal and prolonged development. Neurosci 106:
193–200.
94. Williams DW, Truman JW. 2004. Mechanisms of dendritic elaboration of
sensory neurons in Drosophila: insights from in vivo time lapse.
J Neurosci 24:1541–1550.
95. Manning A. 1966. Corpus allatum and sexual receptivity in female
Drosophila melanogaster. Nature 211:1321–1322.
96. Ringo J, Werczberger R, Altaratz M, Segal D. 1991. Female sexual
receptivity is defective in juvenile-hormone deficient mutants of the
apterous gene of Drosophila melanogaster. Behav Genet 21:453–469.
97. Teal PEA, Gomze-Simuta Y, Proveaux AT. 2000. Mating experience
and juvenile hormone enhance sexual signaling and mating in male
Caribbean fruit flies. Proc Nat Acad Sci USA 97:3708–3712.
98. Belgacem YH, Martin J-R. 2002. Neuroendocrine control of a sexually
dimorphic behavior by a few neurons of the pars intercerebralis in
Drosophila. Proc Nat Acad Sci USA 99:15154–15158.
99. Flatt T, Kawecki TJ. 2004. Pleiotropic effects of Methoprene-tolerant
(Met), a gene involved in juvenile hormone metabolism, on life history
traits in Drosophila melanogaster. Genetica 122:141–160.
100. Jones G, Sharp PA. 1997. Ultraspiracle: an invertebrate nuclear recep-
tor for juvenile hormones. Proc Nat Acad Sci USA 94:13499–13503.
101. Hall BL, Thummel CS. 1998. The RXR homolog ultraspiracle is an
essential component of the Drosophila ecdysone receptor. Develop-
ment 125:4709–4717.
102. Hodin J, Riddiford LM. 1998. The ecdysone receptor and ultraspiracle
regulate the timing and progression of ovarian morphogenesis during
Drosophila metamorphosis. Dev Gen Evol 208:304–317.
103. Jones G, Wozniak M, Chu Y, Dhar S, Jones D. 2001. Juvenile hormone
III-dependent conformational changes of the nuclear receptor ultra-
spiracle. Insect Biochem Mol Biol 32:33–49.
104. Maki A, Sawatsubashi S, Ito S, Shirode Y, Suzuki E, et al. 2004. Juvenile
hormones antagonize ecdysone actions through co-repressor recruit-
ment to EcR/USP heterodimers. Biochem Biophys Res Comm 320:
262–267.
105. Wilson TG, Fabian J. 1986. A Drosophila melanogaster mutant resis-
tant to a chemical analog of juvenile hormone. Dev Biol 118:190–
201.
106. Shemshedini L, Wilson TG. 1990. Resistance to juvenile hormone and
an insect growth regulator in Drosophila is associated with an altered
cytosolic juvenile hormone binding protein. Proc Nat Acad Sci USA
87:2072–2076.
107. Ashok M, Turner C, Wilson TG. 1998. Insect juvenile hormone
resistance gene homology with the bHLH-PAS familiy of transcriptional
regulators. Proc Nat Acad Sci USA 95:2761–2766.
108. Pursley S, Ashok M, Wilson TG. 2000. Intracellular localization and
tissue specificity of the Methoprene-tolerant (Met) gene product in
Drosophila melanogaster. Insect Biochem Mol Biol 30:839–845.
109. Wilson TG, Ashok M. 1998. Insecticide resistance resulting from an
absence of target-site gene product. Proc Nat Acad Sci USA
95:14040–14044.
110. Jones G. 1995. Molecular mechanisms of action of juvenile hormone.
Ann Rev Entomol 40:147–169.
111. Miura K, Oda M, Makita S, Chinzei Y. 2005. Characterization of the
Drosophila Methoprene-tolerant gene product. Juvenile hormone
binding and ligand-dependent gene regulation. FEBS J 272:1169–
1178.
112. Minkoff C, Wilson TG. 1992. The competitive ability and fitness
components of the Methoprene-tolerant (Met) Drosophila mutant
resistant to juvenile hormone analog insecticides. Genetics 131:
91–97.
Review articles
1010 BioEssays 27.10
